*Cephalanthera longibracteata* is a well-known orchid species that is endangered in Korea \[[@B1]\]. This wild terrestrial orchid species grows in shaded areas in forests and is seriously endangered because of excessive overcollection, habitat destruction, and climate change. Therefore, conservation and restoration of this endangered orchid are regarded as focus areas in research pertaining to plant ecosystems and diversity \[[@B2]\].

Most orchidaceous plants have a symbiotic relationship with endophytic fungi \[[@B3]\]. Orchid mycorrhizal fungi form special structures called pelotons in the root cortex \[[@B4]\], enhance plant uptake of inorganic nutrients such as nitrogen and phosphorus \[[@B5]\], and provide carbon to the host plant during the early phase of germination and seedling growth \[[@B6]\]. Nonmycorrhizal endophytic fungi are nonpathogenic fungi that colonize host plants and play a role in improving resistance to pathogens by producing secondary metabolites \[[@B7]\]. *Fusarium* spp. isolated from surface-sterilized seeds of *Cypripedium reginae* facilitate plant seed germination *in vitro* \[[@B8]\], suggesting that these endophytic fungi may also affect seed germination of these plants in nature.

The host specificity of root symbiotic fungi in orchids has been controversial since long \[[@B4]\]. Some studies have shown that mycorrhizal fungi isolated from wild orchids have host specificity \[[@B9][@B10]\], while others reported that their specificity is low \[[@B11]\]. However, only a few studies have compared the host specificities of endophytic fungi (including nonmycorrhizal endophytes) colonizing orchids.

In this study, the endophytic fungal communities colonizing the roots of *C. longibracteata* were analyzed to determine whether they were preferentially correlated with different regions. Our results would provide important fundamental data for developing methods involving the use of symbiotic fungi for orchid conservation and restoration in native habitats.

MATERIALS AND METHODS
=====================

Root sampling and fungal isolation
----------------------------------

Sampling areas for *C. longibracteata* roots were selected from three sites in Korea: Mt. Hambaek (37°16\' N, 128°91\' E) in Jeongseon, Gangwon-do; Mt. Gaya (36°70\' N, 126°61\' E) in Seosan, Chungcheongnam-do; and Mt. Baekjok (36°59\' N, 127°58\' E) in Cheongju, Chungcheongbuk-do. Three *C. longibracteata* root specimens were collected at each site. The roots of the collected orchids were surface-sterilized using a method modified from that reported by Richardson et al. \[[@B12]\], within 24 hr of sampling. After the healthy roots were washed with running tap water, they were surface-sterilized with 70% ethanol, 3% NaClO, and streptomycin and chloramphenicol solution, and rinsed with sterilized distilled water. After water was removed from the root surface, the root was cut into 5-mm-long segments. In total, 40 segments were selected from each sample and four segments were placed on a petri dish containing 1% water agar. Hyphal tips from root segments were transferred onto potato dextrose agar (PDA). After isolation, mycelia were subcultured on PDA for identification. Morphological characteristics of the fungi were examined using an AXIO Imager A1 light microscope (Carl Zeiss, Jena, Germany).

Phylogenetic analysis
---------------------

Genomic DNA was extracted from the fungal mycelium by using the DNeasy Plant Mini Kit (Qiagen, Germantown, MD, USA). The ITS1F and ITS4 primers were used to amplify the internal transcribed spacer (ITS) region of rDNA \[[@B13]\]. The PCR protocol was as follows: predenaturation at 94℃ for 5min, followed by 30 cycles of denaturation at 94℃ for 30 sec, annealing at 50℃ for 30 sec, and elongation at 72℃ for 1 min. PCR product purification and sequencing were performed by Solgent (Daejeon, Korea). Phylogenetic analysis was performed using neighbor-joining methods with MEGA6 \[[@B14]\].

Data analysis
-------------

The relative abundance and frequency of endophytic fungi isolated from the orchids collected from the same site were determined. The similarity index and Shannon\'s diversity index were calculated and compared among sites using one-way ANOVA (SPSS Inc., Chicago, IL, USA).

RESULTS AND DISCUSSION
======================

In this study, we analyzed the endophytic fungal communities colonizing the roots of *C. longibracteata* to ascertain whether these communities were preferentially correlated with different regions. In total, 30 endophytic fungal species were identified in this study ([Table 1](#T1){ref-type="table"}, [Fig. 1](#F1){ref-type="fig"}). Seventeen species of endophytic fungi, including a mycorrhizal fungal species, *Tulasnella*, were isolated from the roots of *C. longibracteata* collected in Jengseon. Although the dominant species slightly differed among regions, *Leptodontidium orchidicola* had the highest relative frequency in all individuals. *L. orchidicola* was first isolated from orchid roots and reported as a new species by Currah et al. \[[@B15]\]. It was isolated from terrestrial orchids such as *Coeloglossum viride* and *Platanthera hyperborea* \[[@B16]\], as well as from *Cypripedium japonicum* and *Cypripedium macranthum* \[[@B17]\]. *Phialocephala fortinii* is the endophytic fungal species the most frequently isolated from terrestrial orchids \[[@B18]\]. It is a dark septate endophyte that creates hyphal connections between plant roots and transports photosynthetic products through these connections \[[@B19]\]. *P. fortinii* promotes seed germination and seedling growth of *Dactylorhiza praetermissa*, a terrestrial orchid, indicating that this species is an endophytic fungus that also plays an important role in the early growth of orchids \[[@B20]\].

Fifteen species of endophytic fungi were isolated from *C. longibracteata* collected in Seosan; mycorrhizal species were not isolated. At this site, fungal species belonging to *Oidiodendron* showed the highest relative frequency in the orchid roots. Fungi belonging to the genus *Oidiodendron* are known as ericoid mycorrhizal fungi, which form a symbiotic relationship with the roots of ericaceous plants \[[@B21]\]. In particular, *Oidiodendron maius* was found to form mycorrhizae in the roots of *Rhododendron fortunei*, an ericaceous plant, and to increase the absorption of nitrogen from the soil \[[@B22]\]. This fungal species has been isolated from the roots of *Cypripedium acaule* \[[@B23]\] and from *C. macranthum* in Korea \[[@B17]\].

Twelve species of endophytic fungi, including *Tulasnella calospora*, which is a mycorrhizal fungus, were isolated from *C. longibracteata* in Cheongju. *T. calospora* is the mycorrhizal fungal species the most frequently isolated from terrestrial orchids and has been isolated from several native orchid species in Korea, including *Cymbidium goeringii*, *Neolindleya camtschatica*, *Oreorchis patens*, *Spiranthes sinensis*, and *Cephalanthera falcata* \[[@B24][@B25]\]; it was first isolated from *C. longibracteata*.

Shannon\'s diversity index and evenness index for endophytic fungi isolated from the roots of *C. longibracteata* did not significantly differ among different study sites (*p* \> 0.05 for both). *L. orchidicola* was isolated at 100% frequency from all three sites, and its relative abundance was also high at each site, suggesting that this species is closely related to the orchid. However, the relative abundances of *Oidiodendron* sp., Umbelopsis dimorpha, and *T. calospora* significantly differed (*p* \< 0.05) among sites, suggesting that the communities of endophytic fungi symbiotic with *C. longibracteata* were site-dependent.

The mycorrhizal fungus *T. calospora* was isolated at a high frequency from orchids collected from Chungcheongbuk-do, suggesting site-specificity of the fungi colonizing the orchid. However, further studies involving DNA sequencing would be required to identify fungal communities colonizing orchid roots.

The similarity within fungal communities was considerably higher than that between the communities ([Fig. 2](#F2){ref-type="fig"}). High similarity within communities reflects the site-specificity in relation to the host. The similarity between communities was low, suggesting that the site characteristics were affected, reflecting the results for *Oidiodendron* sp., *U. dimorpha*, and *T. calospora*, which showed significant differences among different sites. In addition, ordination among fungal communities showed that the symbiotic fungi were more specific to the habitat than to their host, suggesting that this species could be established in a new habitat without their specific symbiotic fungi ([Fig. 3](#F3){ref-type="fig"}). Determining factors affecting the spatial distribution and abundance of endangered plants is an important challenge in current conservation biology. Dispersal limitation and recruitment affect plant distribution and abundance \[[@B26]\]. For orchid plants, which depend on mycorrhizal symbiosis for the completion of their life cycle, it has been reported that host specificity of symbiotic fungi and the distribution of suitable fungi have decisive influences on the distribution of the orchid plants \[[@B27][@B28]\]. By investigating symbiotic fungi that have a significant impact on orchid growth and seed germination and the host specificity of symbiotic fungi, the restorative effect could be improved by supplying the symbiotic fungi specific to orchids \[[@B29]\].

Studies on using symbiotic fungi for restoration of orchids initially determine fungal host specificity and verify diversity. Therefore, it is necessary to continue studies on the effect of fungal strain on orchid seed germination and early growth by isolating endophytic fungi symbiotic with various orchids from various sites. The current study confirmed the diversity of endophytic fungi symbiotic with *C. longibracteata*, and confirmed that site characteristics affect the community composition of these endophytic fungi. In addition, *P. fortinii*, which is known to promote seed germination \[[@B12]\], was isolated from our specimens; further studies on increasing the seed germination rate should be performed using this fungal strain.

![Neighbor-joining tree based on analysis of sequences of internal transcribed spacer sequence of endophytic fungi isolated from roots of *Cephalanthera longibracteata*. *Exidia uvapassa* was used as an outgroup.](mb-45-312-g001){#F1}
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###### Relative abundances for endophytic fungi isolated from roots of *Cephalanthera longibracteata*
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ns, not significant.

^a^Relative abundance indicates the percent ratio of the isolate numbers for each fungal species to the total numbers of isolates in each study site.

^b^*p*-values were obtained by ANOVA to compare the means of the relative abundances of each fungal species among sites. ns, not significant at α = 0.05.

^c^Relative frequency indicates the percent percentages of samples from which each fungal species was isolated to the total number of samples.
